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Abstract 
This dissertation focuses on the investigation and development of an optical biosensor based on fiber-enhanced Raman 
spectroscopy (FERS) that provides chemical selective and sensitive label-free detection of biomolecules. FERS has been 
achieved by using various types of liquid core optical fibers, which guide the light within the liquid sample and increase 
the interaction length with the analyte molecules. The first part of this dissertation explains the FERS technique in detail 
and describes the current state of research of FERS. Several essential characteristics, such as fiber length, attenuation, 
material and refractive index, are thoroughly discussed in considerations of Raman intensity enhancement. Liquid-core 
fibers formed with hollow-core photonic-crystal fibers (HC-PCFs) and polymer fibers are introduced and discussed, as 
they are the most important breakthroughs. The objective of this research is to develop a robust optical fiber platform 
based on Raman spectroscopy that shows potential for use in bio-analytical and clinical applications. In this work, I 
demonstrate a combination of UV-resonance Raman spectroscopy (UV-RRS) and liquid-core fibers, to increases the 
sensitivity for the detection of low-concentrated pharmaceuticals tremendously. This combined enhancement 
technique was applied for the detection of bile pigments for monitoring of diseases related to hyperbilirubinemia and 
hyperbiliverdinemia. Their poor optical quality strongly limits the performances of the polymer-based liquid-core fibers. 
Therefore, the implementation of HC-PCFs was explored in two different types of optical guiding. Waveguiding in the 
visible range is achieved for the first time in both kinds of liquid-filled HC-PCFs, and therefore the Raman scattering 
wavelengths are not anymore limited to the insensitive NIR range. In order to achieve easy-to-use and stable FERS 
devices for further development, the performance of HC-PCFs in the aspect of light-confinement was studied with the 
help of a specially designed multi-channel Raman chemical imaging. The optimal fiber length, spatial filtering, and optical 
coupling were thoroughly analyzed, and an automatic coupling system was developed. With the development of optical 
fibers, FERS shows increasing potential as a robust, fast, chemical selective and sensitive tool for the detection of 
biomolecules in clinical, pharmaceutical, and biological applications. 
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Zusammenfassung 
Diese Dissertation beschäftigt sich mit der Erforschung und Entwicklung eines optischen Biosensors, basierend auf 
faserverstärkter Raman Spektroskopie (engl. fiber-enhanced Raman spectroscopy, FERS). Dieser Sensor ermöglicht die 
chemisch selektive, sensitive und markierungsfreie Detektion von Biomolekülen. FERS wurde durch den Einsatz von 
verschiedenen optischen Fasern mit flüssigkeitsgefülltem Hohlkern bewerkstelligt. Die Fasern führen das Licht innerhalb 
der flüssigen Probe und vergrößern so die Strecke, auf der das Licht mit den Analytmolekülen wechselwirkt. Der erste 
Teil dieser Dissertation erklärt die FERS-Technik detailliert und beschreibt den derzeitigen Stand der Forschung bzgl. 
FERS. In den Ü berlegungen zur Verstärkung der Raman-Intensität werden mehrere wesentliche Eigenschaften wie Länge, 
Dämpfung sowie Material und Brechungsindex der Faser berücksichtigt und ausführlich behandelt. Flüssigkeitsgefüllte 
Fasern auf der Basis von photonischen Kristallfasern (HC-PCFs) und Polymerfasern mit Hohlkern werden eingeführt und 
besprochen, da sie den größten wissenschaftlichen Durchbruch darstellen. Das Ziel dieser Forschung ist es, ein stabiles 
Setup für faserverstärkte Raman-spektroskopische Messungen zu entwickeln, das Potential für den Einsatz in bio-
analytischen und klinischen Anwendungen aufweist. In dieser Arbeit zeige ich eine Kombination von UV-Resonanz 
Raman Spektroskopie (UV-RRS) und flüssigkeitsgefüllten Fasern, um die Sensitivität der Detektion von niedrig 
konzentrierten Pharmazeutika immens zu verstärken. Diese kombinierte Verstärkungsmethode wurde ebenfalls 
angewandt, um Blutabbau-Pigmente zu detektieren. Dies kann für die Ü berwachung von Krankheiten genutzt werden, 
die mit Hyperbilirubinämie und Hyperbiliverdinämie in Verbindung stehen. Die schlechte optische Qualität von Polymer-
basierten flüssigkeitsgefüllten Fasern schränkt deren Leistungsfähigkeit stark ein. Daher wurde der Einsatz von HC-PCFs 
für zwei verschiedene Lichtleitungsmechanismen untersucht. Erstmalig wurde Wellenleitung im sichtbaren Bereich in 
beiden flüssigkeitsgefüllten Fasertypen erzielt. Folglich ist die Wellenlänge der Raman-Streuung nicht mehr auf den 
unempfindlichen NIR-Bereich beschränkt. Um ein FERS-Gerät für die Weiterentwicklung zu realisieren, das leicht zu 
handhaben und stabil ist, wurden die HC-PCFs bezüglich ihrer Fähigkeit zum Lichteinschluss untersucht. Diese 
Untersuchung wurde mit Hilfe eines speziell konzipierten Aufbaus für die Raman-spektroskopische chemische 
Bildgebung durchgeführt. Optimale Faserlänge, Raumfilterung und optische Koppelung wurden sorgfältig ausgewertet 
und ein automatisches Kopplungssystem wurde entwickelt. Mit der Weiterentwicklung optischer Fasern zeigt FERS 
steigendes Potential als stabile, schnelle, chemisch selektive und sensitive Messmethode zur Detektion von 
Biomolekülen in klinischen, pharmazeutischen und biologischen Anwendungen.       
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1. Introduction  
1.1. Raman spectroscopy 
Raman spectroscopy, named after Sir C.V. Raman [1], is a spectroscopic technique based on inelastic scattering of light 
and used to study vibrational, rotational, and other low-frequency modes in a molecular system. Raman spectroscopy 
is widely used to provide information on chemical structures, to identify substances by the characteristic spectral 
fingerprint, and to determine the amount of the target substance in the sample quantitatively. The samples for Raman 
spectroscopy can be used as solids, liquids or vapors, as bulk material or microstructure. Raman spectroscopy has been 
used widely in chemical characterization of different materials, and it is gaining popularity in the study of biological 
samples to provide rapid and accurate identification of biomolecules [2]. One of the reasons for the surge in 
biochemistry applications is the increasing availability of sophisticated Raman spectroscopy instrumentation. The recent 
developments of Raman spectroscopy in instrument technology have simplified the measurement and increased the 
performance greatly. As water yields only a very weak Raman spectrum, Raman spectroscopy is ideal for the analytes 
in the aqueous environment, which is not well possible with IR-absorption spectroscopy. Therefore, there is a rapid 
growth in the applications of this technique in biological and pharmaceutical research [3], and the need for a robust 
platform has also become very important.   
The Raman effect has been studied for decades, and the physics behind it are well understood [4]. The Raman effect is 
caused by the inelastic scattering that occurs when the light of frequency 𝑣0 is scattered by the molecules. The incoming 
electromagnetic wave can be presented as: 
?⃗? =  ?⃗? 0 cos(2𝜋𝑣0𝑡) ( 1 ) 
where ?⃗? 0 is the amplitude of the electric field and 𝑣0 is the frequency of the incident light. The electric field ?⃗?  induces 
an electric dipole μ⃗ 𝑖𝑛𝑑 in the molecule. 
μ⃗ 𝑖𝑛𝑑 = α̃(𝑣) ?⃗?  ( 2 ) 
The tensor α̃(𝑣) is known as the molecular polarizability, which describes how the electron charges are displaced by the 
oscillating electromagnetic field. A molecule made of N atoms has 3N degrees of freedom in 3-dimensional space. For a 
non-linear molecule, there are 3 translational motions, 3N - 6 fundamental modes of vibration and 3 modes rotational 
motions. For a linear molecule, however, rotation around its own axis does not change the molecule. There are only 2 
rotational degrees of freedom for a linear molecule, leaving 3N - 5 degrees of freedom for vibration. The mode 𝑄𝑛 
(vibrational or rotational) in the molecule at frequency 𝑣𝑛  (vibrational) or 
𝑣𝑛
2
 (rotational) with amplitude 𝑄𝑛
°  can be 
expressed as: 
𝑄𝑛 = 𝑄𝑛
° 𝑐𝑜𝑠(2𝜋𝑣𝑛𝑡)   ( 3 ) 
The polarizability can be expressed in Fourier series expansion for small the amplitudes (higher orders are ignored): 
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α̃(𝑣) = α̃0(𝑣0) + ∑(
𝜕α̃
𝜕𝑄𝑛
)𝑄𝑛
° cos(2𝜋𝑣𝑛𝑡)
𝑛
    ( 4 ) 
Based on the equations above, the induced dipole moment can be derived as: 
μ⃗ 𝑖𝑛𝑑 = α̃0?⃗? 0 cos(2𝜋𝑣0𝑡) +
1
2
?⃗? 0 ∑(
𝜕α̃
𝜕𝑄𝑛
)
0𝑛
𝑄𝑛
° cos(2𝜋[𝑣0 + 𝑣𝑛]𝑡) +
1
2
?⃗? 0 ∑(
𝜕α̃
𝜕𝑄𝑛
)
0𝑛
𝑄𝑛
° cos(2𝜋[𝑣0 − 𝑣𝑛]𝑡) ( 5 ) 
In the classical theory of Raman scattering, we assume that the polarized electrons will radiate light at their own 
oscillation frequencies. According to equation 5, the scattered light will be in three frequencies. The first term at the 
same frequency as the laser (Rayleigh scattering). The second term is anti-Stokes Raman scattering that occurs at 𝑣0 +
𝑣𝑛, and the third term is Stokes scattering that occurs at 𝑣0 − 𝑣𝑛.  
The classical explanation gives some insights in Raman spectroscopy, but cannot explain the scattering at quantized 
states. A quantum mechanical explanation is needed, but beyond the short introduction in this thesis.  
The populations of the various vibrational and rotational states of the molecules are governed by the temperature of 
the system, and anti-Stokes/Stokes intensity ratio is related to temperature by the Boltzmann distribution [3]: 
𝐼𝑅(𝑣0 + 𝑣𝑛)
𝐼𝑅(𝑣0 − 𝑣𝑛)
=   (
𝑣0 + 𝑣𝑛
𝑣0 − 𝑣𝑛
)
4
𝑒
−ℎ𝑣𝑛
𝑘𝑇  ( 6 ) 
where 𝐼𝑅  is the scattering intensity, k is the Boltzmann constant, T is the temperature of the system, h is the Plank 
constant. Therefore, at room temperature (T = 293 K), the majority of Raman scattering will be Stokes Raman scattering, 
and anti-Stokes scattering will be much weaker. The experimental setups in this dissertation rely only on Stokes 
scattering.    
Inelastic scattering is inherently weak, only one in every 106 – 108 scattered photons [5]. Thus, it is necessary to exploit 
and develop enhancement methods which can be assigned to the factors in equation 7 [6]. 
𝐼𝑅 ∝ 𝐼0𝑁𝜎𝑅 ∝ 𝐼0𝑁(𝑣0 ± 𝑣𝑛)
4|𝛼|2 ( 7 ) 
𝑁 is the number of scattering molecules, 𝐼0 is the incoming excitation intensity, 𝜎𝑅  is the Raman scattering cross-section 
of that specific transition, and |𝛼| is the magnitude of the molecule’s polarizability tensor. As the number of molecules 
(𝑁) is proportional to the concentration, the Raman intensity is linearly proportional to the concentration of the target 
analyte. Similarly, by increasing the sample volume involved in the measurement, the same goal can be achieved. 
 
1.2. Fiber-enhanced Raman spectroscopy (FERS) 
In the 1970s, scientists from Bell’s lab first published the concept of Raman enhancement based on liquid core fiber, 
employing optical fibers to increase the laser path length in C6H6 and C2Cl4  [7]. This concept is also promising for the 
enhancement of the absorption of very weak absorbing analytes, and therefore efforts had followed this idea to 
construct liquid core optical fibers with organic solutions for enhancing the Raman or absorption spectra [8-14]. 
Compared to other Raman enhancement techniques, such as resonance Raman spectroscopy (RRS), surface enhanced 
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Raman spectroscopy (SERS) and coherent anti-Stokes Raman spectroscopy (CARS), fiber-enhanced Raman spectroscopy 
(FERS) has unique features: 
1. The enhancement is non-selective to the Raman bands. As the enhancement is only the result of the increased 
number of molecules, all Raman peaks are enhanced evenly without shifting or broadening.  
2. The efficiency of the sample usage is improved, and less amount of sample is required. In conventional Raman 
measurements, such as cuvette sensing, only molecules located in or close to the laser focus are excited. In contrast, 
the liquid sample in the fiber core is excited over an extended path length, and the scattered Raman signal is confined 
within the numerical aperture of the fiber and travels to the fiber end for collection. Therefore, FERS allows highly 
sensitive detection with a minimum amount of the liquid sample.  
 
2. State of the art 
2.1. Aims and objectives in the development of FERS 
As water has a much lower refractive index than that of glass (nwater=1.33, nglass=1.46), simple fused-silica capillary 
waveguides are not capable of forming guidance in a water core. With the purpose of employing FERS in monitoring 
biomolecules in aqueous media, the development of new types of fibers that compatible with low-refractive-index 
liquids is of key importance. 
The performance of fiber-enhanced Raman spectroscopy (FERS) is mainly determined by the parameters of the liquid-
core optical fiber, such as attenuation, length, core diameter, and operating spectral range. Other properties of the 
liquid core fiber, such as the bending radius and the chemical resistance, are also crucial to FERS. 
Attenuation and length. In FERS, the laser intensity is not homogeneous along the fiber. The laser intensity decreases 
with the path length due to the fiber attenuation, as well as the back-scattered Raman signal. The effective fiber length, 
which is calculated from the physical fiber length of the waveguide and the transmission function, was considered 
instead of the physical fiber length [15, 16]:   
𝐿𝑒𝑓𝑓 = ∫ 𝑇𝑙(𝑧)
𝐿𝑝
0
∙ 𝑇𝑟(𝑧) 𝑑𝑧 ( 8 ) 
where 𝐿𝑒𝑓𝑓  is the effective length; 𝑇𝑙(𝑧) describes the ratio of the laser power at point z in the fiber to the power 
coupled into the fiber. Similarly, 𝑇𝑟(𝑧) is the ratio of the Raman power at the end face of the fiber to the Raman power 
at point 𝑧 .  Therefore, the effect of the attenuation over the physical fiber length is canceled out, and the fiber 
enhancement is proportional to the effective fiber length [15]. The transmission properties are assumed to be an 
exponential function:  
{
𝑇𝑙(𝑧)  = 𝑒
−(𝜇𝑠𝑙+𝜀𝑙∙𝑐)∙𝑧
𝑇𝑟(𝑧)  = 𝑒
−(𝜇𝑠𝑟+𝜀𝑟∙𝑐)∙𝑧
 ( 9 ) 
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where 𝜇𝑠𝑙  and 𝜇𝑠𝑟 are the attenuation coefficients that account for waveguide imperfections for the laser and the 
Raman-scattered wavelength respectively, 𝜀𝑙 is the extinction coefficient at the laser wavelength, 𝜀𝑟 is the extinction 
coefficient at the Raman-scattered wavelength, 𝑐 is the concentration of the light absorbing solute.  
When the fiber is filled with the non-absorbing sample or low-concentrated absorbing sample, the effective length is 
limited by the loss coefficients: 
𝑙𝑖𝑚
𝐿𝑝→∞
𝐿𝑒𝑓𝑓(𝐿𝑝) =
1
𝜇𝑠𝑙 + 𝜇𝑠𝑟
 ( 10 ) 
For example, when the liquid core fiber has an attenuation of 5 dB/m for both excitation and scattering wavelengths, a 
20 cm fiber piece has an effective length of 3.9 cm, a 50 cm or even longer fiber piece has an effective length of 4.3 cm 
(close to the limit). Low attenuation is of key importance to FERS. Strong fiber enhancement will not be possible without 
a long effective path length of the light in the fiber.  
Numerical aperture (NA). As the laser propagates through the liquid core, it interacts with the molecules. The induced 
Raman scattering from a molecule in the fiber core is a point source which emits light in all directions. The fiber can only 
confine the light beams in the cones of the acceptance half-angle and guide the radiation to backward and forward 
directions. In FERS setups demonstrated in this work, only backward guided Raman radiation is collected. Therefore, 
the maximum efficiency of the collection is 50% at NA = 1. The function of the collection efficiency is:  
𝐸 =  
1 − cos(2 sin−1(𝑁𝐴))
2
× 100% ( 11 ) 
Spectral range. In Raman sensing of biomolecules, excitation wavelengths from deep-UV to NIR are all practical. UV-
resonance Raman spectroscopy (UV-RRS) is an important analytical tool. The Raman bands of the target molecules can 
be strongly enhanced by applying excitation wavelengths which are resonant with the electronic absorptions [17-20]. 
NIR excitation wavelengths at 785 nm and 1064 nm are commonly employed to avoid fluorescence background. In order 
to have sufficient effective length for the fiber enhancement, the liquid core fiber should have low attenuation for both 
the wavelengths of excitation and Raman scattered light. The most commonly used Raman fingerprint region is 0 ~ 2000 
cm-1 shifted from the excitation wavelength, which is 12.5 nm for 250 nm excitation and 264 nm for 1064 nm excitation. 
 
2.2. Approaches based on polymer fiber 
In early years, the glass capillary was the only available form of a liquid core optic fiber [7-9]. Its high RI limits strongly 
the choice of solvent media, fatally, the usage of water. Some polymer materials have lower refractive indices than that 
of water and can therefore be useful for FERS in aqueous media. Within the last two decades, these new types of fiber 
were characterized [15, 21-24] and applied to Raman spectroscopy [16, 24-35] and other spectroscopic techniques [36-
41]. According to our research, UV-resonance Raman spectroscopy (UV-RRS) can combine with FERS for very low 
concentrated aqueous solutions [YAN-1, YAN-2]. 
The most significant limitation of polymer fibers is the poor optical quality of the material. The large inner surface 
roughness and the poor symmetry limit the light guiding ability of the polymer fiber. The attenuation of the polymer 
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fiber is typically larger than 10 dB/m [YAN-1]; therefore the effective length is limited to ~2cm. Besides, the fabrication 
process limits polymer fibers from having small core size, and the lowest core diameter of commercially available 
polymer fibers is around 150 μm, which leads to unnecessary signal loss at the entrance slit of the spectrometer [YAN-
1]. 
Other than polymer, very few solid materials have refractive indices lower than that of water. Ice [42] and patterned 
nanoporous material [43] have been employed to establish liquid core fibers. With direct light coupling into a water 
stream, guiding in water-jet can be achieved as well [44-48]. However, these approaches still struggle with the poor 
optical quality of the material and the strong power losses in the waveguide (>25 dB/m), as well as the instabilities in 
the optical setup. 
 
2.3. Approaches based on HC-PCF 
2.3.1. Introduction to HC-PCF 
In conventional step-index optical fibers, light is guided by total internal reflection, which occurs only if the core has a 
higher refractive index than the surrounding cladding material. Photonic crystal fibers (PCF) [49, 50] consist a solid or 
hollow core surrounded by a microstructured air-hole cladding along the entire length of the fiber. Thus, PCFs can be 
divided into two types: solid core and hollow core PCFs. In this dissertation, I focus on hollow core PCF (HC-PCF) which 
guide light in a hollow core. Hollow core photonic crystal fibers are fabricated from a stack of arranged silica capillaries 
with optical fiber drawing techniques [51]. The hollow core is formed by removing seven capillaries from the stack. 
Typical diameters for the hollow cores range from 5 to 30 µm. A periodic microstructure at the dimension of the light 
wavelength shows strong reflection at specific wavelengths (bandgap effect), which is also the origin of the color in 
butterfly wings and anti-counterfeiting holograms [51]. Thus, trapping light in a low-refractive material surrounded by 
glass structures becomes possible. The light propagation in the hollow core has excellent potential for extremely low 
loss guidance for the light of the bandgap wavelengths, as the light travels predominantly in the air or even vacuum. 
However, attenuation of HC-PCF is strongly limited, as the bandgap effect is extremely sensitive to structural 
imperfection and variations that occur over the long fiber length [52]. For the near-IR light guidance, losses of HC-PCFs 
are low with attenuation at 1550 nm of 30 dB/km. With decreasing wavelength, the corresponding microstructure is 
smaller and therefore suffers more from the structural imperfection. Thus, the guidance of the light in the UV region 
has not yet been achieved in HC-PCF.  
HC-PCFs can be filled in two ways: non-selective filling and selective filling. The non-selective filling is to fill the hollow 
core and the microstructured cladding region with the same liquid sample. Selective filling only fills the hollow core of 
the PCF, which needs special treatment of the fiber ends to make just the fiber core accessible to be filled by a sample. 
In the next sections, FERS based on both two filling methods are discussed. 
 
2.3.2. Non-selectively filled HC-PCF 
In HC-PCFs, the light is guided by the bandgap effect of the two-dimensional photonic crystal in the hollow core. This 
guiding mechanism is very different from that of conventional optical fibers, and light can be guided in media with low 
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refractive indices (air or water). The bandgap of the liquid filled HC-PCF (nonselectively filled) will shift to a shorter 
wavelength, due to the decrease in the contrast of refractive indices [YAN-3]. The shift can be estimated according to a 
simple frequency-scaling law [53-55]: 
𝜆′ = 𝜆0√
1 − (
𝑛𝑙𝑖𝑞𝑢𝑖𝑑
𝑛𝑔𝑙𝑎𝑠𝑠
)
2
1 − (
𝑛𝑎𝑖𝑟
𝑛𝑔𝑙𝑎𝑠𝑠
)
2  ( 12 ) 
where 𝜆0 is the original bandgap wavelength of the air-filled fiber, 𝜆′  is the wavelength of the shifted bandgap, 𝑛𝑎𝑖𝑟  is 
the refractive index of air, 𝑛𝑔𝑙𝑎𝑠𝑠  is the refractive index of fused silica and 𝑛𝑙𝑖𝑞𝑢𝑖𝑑  is the refractive index of the liquid 
filled into the fiber. Fiber enhancements of the Raman signal has been achieved in prior studies by confining the 
excitation laser in the fiber core with this shifted bandgap effect [53, 55-64]. Monitoring of heparin concentration in 
serum has been demonstrated recently with an HC-1550 fiber and a 785 nm excitation laser [58, 65]. We have pushed 
this concept further to the visible range and achieved Raman enhancement at 532 nm excitation wavelength [YAN-3]. 
In experimental conditions that the excitation wavelength is 532 nm corresponding to  𝜆′ , and the liquid under 
examination is water ( 𝑛𝑙𝑖𝑞𝑢𝑖𝑑  = 1.33), we can find 𝜆0 (the wavelength of the original fiber bandgap) to be 950 nm. The 
laser wavelength should be at the short edge of the shifted bandgap as possible, in order to allow the entire spectral 
range of a Raman spectrum (532 nm ~ 676 nm, 4000 cm-1 Raman shift) to be guided in that bandgap. Figure 5 shows 
the shift of the original bandgap of the HC-PCF at 1060 nm (experimental results) [YAN-3]. 
The FERS setup can also be applied to enhance the gas Raman signal [66, 67]. Raman gas analysis enables the detection 
of homonuclear diatomic gases (N2, O2, and H2) and their isotopes, which are very difficult to be monitored 
simultaneously with other established techniques [YAN-4].  As the refractive index is not changed in the fiber core, there 
is no bandgap shift in HC-PCF. When monochromatic laser light is guided through a gas sample, the photons can interact 
with a larger number of gas molecules, and therefore the Raman signal is enhanced [YAN-4]. With the remarkable fiber 
enhancement, HC-PCFs have been employed in detections of low-concentrated volatiles for clinical [66], environmental 
[68], and industrial studies [68].   
 
2.3.3. Selectively filled HC-PCF 
The bandwidth of the bandgap in HC-PCF depends strongly on the dielectric contrast in the microstructure [69]. With 
the liquid filling of the air holes in HC-PCF,  the dielectric contrast decreases and the spectral width narrows down [69]. 
This effect limits the selection of the excitation laser wavelength and narrows the accessible spectral range for the 
Raman signal. In order to overcome the drawback of the limited bandgap in non-selectively filled HC-PCFs, the liquid 
sample can be filled into the central hollow core of the HC-PCF selectively, and the step-index guidance, which allows 
guiding in a broad spectral range, can be achieved in the liquid core [YAN-6].  
The air cladding with an extremely low effective refractive index is needed to achieve step-index guiding in the water-
filled core, as water has a low refractive index of 1.33. To form step-index guidance in aqueous samples, the effective 
refractive index of the cladding should at least be lower than that of aqueous solutions (n=1.33). The effective refractive 
index of a microstructure can be calculated numerically according to the wavelength (λ), the fiber pitch size (Λ), and the 
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air-filling fraction (R) of the microstructure [70]. As a proof of principle, fiber enhancement of fluorescence spectroscopy 
has been demonstrated in the HC-PCF selectively filled with ethylene glycol (n=1.43) [71]. Selectively filled fibers HC19-
1550 [72], HC800 [73], and HC1060 [73] were discussed for Raman enhancement of aqueous samples. A similar 
approach enhancing fluorescence spectra of aqueous samples with a NIR-guiding HC-PCF was also addressed [74]. 
However, these types of HC-PCFs cannot provide a refractive index lower than that of water in the visible spectral range 
[YAN-6]. Some studies combined SERS and HC-PCFs with visible laser excitation, but the enhancement was mainly 
achieved by SERS and not by waveguiding [64, 72, 75]. According to the simulation, the HC-440 fiber has an air-clad with 
an effective RI of 1.25. This type of HC-PCF was thoroughly studied [YAN-6], which is explained in chapter 4.3. 
In order to achieve selective filling, the process of using a fiber splicer to collapse the microstructure of the HC-PCF was 
explored and applied in prior studies [71, 72, 74, 76-80]. Various techniques such as splicing HC-PCF to a single mode 
fiber [81], micro-drilling [82], glue filling [83], and MEMS-based sealing ring [84] were demonstrated in other prior 
studies. Air-clad collapsing is so far the most promising method for HC-PCFs, as the processed fiber ends consist only of 
fused silica from fiber itself [YAN-6]. However, the secondary effect is a “bottleneck” at the fiber end, which strongly 
affects the quality of optical coupling. In our latest work, we developed a novel two-step collapsing technique that 
maintains excellent optical guidance properties [YAN-6]. The length of the manufactured bottleneck reduced 
tremendously from 200 μm [71] to 20 μm  [YAN-6]. 
 
2.3.4. Analysis of HC-PCF based on Raman imaging 
In fiber-enhanced Raman spectroscopy (FERS) based on HC-PCFs that with small core size, laser intensity leaks from the 
liquid core into fiber cladding region inevitably, and therefore raises the undesired background from the fused silica 
[85]. These strong silica signals can increase the shot noise of the collected Raman spectra, or even saturate the CCD 
detector. This deteriorates the sensitivity of FERS, especially in the low wavenumber region (<800 cm-1) for weak Raman 
peaks. To suppress the background, the Raman signal from the hollow core must be separated from the silica signal 
from the cladding region. This separation can be achieved by employing a spatial filtering system based on their different 
spatial distribution [85]. In the prior work, the outcome of the spatial filtering with various pinhole sizes was examined, 
and the optimal pinhole size was determined [85]. 
Raman imaging technique brings an opportunity for deeper understanding of fiber-enhanced Raman sensing in HC-PCFs 
[YAN-5]. The spatial distributions of the Raman peaks of interest and the unwanted background are important 
parameters for building proper spatial filtering system. The leakage of the laser intensity can also be investigated with 
the Raman imaging technique, in order to reveal the potential for further improvements.  
The most common method to obtain the spatial distribution of Raman signal is the point-by-point scanning of the sample. 
The system measures an array of spots by moving the stage after each measurement. The total time elapses of the 
scanning procedure consist of the total exposure time of the measurements. The sample might change over time or 
affected by the movement of the stage, and therefore distort the acquired Raman image. Multi-channel Raman imaging 
based on fiber array is a robust tool for analysis of Raman signal distribution at fiber ends [YAN-5]. Spatially resolved 
Raman images can be obtained in one exposure without moving the sample [YAN-5]. The effect of spatial filtering can 
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be evaluated with the help of the Raman image, and the optimal size of the spatial filter can be selected to balance the 
suppression of the background and the decrease of the Raman signal in the setup [YAN-5].  
 
3. Experimental setup and data analysis 
In a fiber-enhanced Raman sensing system, the laser light is coupled into the liquid-filled optical fiber, and the Raman 
scattered light is confined in the fiber core and directed towards a spectrometer. The hollow core optical fiber is used 
to extend the path-length of the laser light, and also as a miniaturized sample container for the liquid sample. In order 
to achieve a stable optical coupling of the laser to the liquid core fiber for quantitative and reproducible Raman 
detection, a fiber adapter was also developed in [YAN1, YAN-2] (Figure 1). The custom-made fiber adapter provides an 
optical window for coupling the laser light into the fiber and two side-ports for filling analyte and convenient cleaning 
procedure [YAN1, YAN-2]. To avoid photo-degradation, the samples are kept flowing in the liquid core fiber at a small 
flow rate with the help of a pump. The assembly has minimized dead volume, and all tubing consists of polymer material 
with excellent mechanical and chemical resistance. Therefore, the samples passed through the strong laser focus within 
a short time and are not damaged by the laser radiation.  
 
 
Figure 1: Schematic view of a typical experimental setup for FERS [YAN-2]. Reproduced from [YAN-2] with permission 
from the Royal Society of Chemistry. Copyright 2016 Royal Society of Chemistry. The laser light is focused into the fibers 
with an objective lens, and the backscattered Raman signal is collected by the same objective lens, passes through the 
notch filter, is dispersed in the spectrometer, and detected with the help of a CCD detector. A syringe pump keeps the 
liquid media flowing through the fiber, such that the analyte passes through the laser focus within a very short time and 
no photodegradation occurs.  
 
In fiber-enhanced Raman sensing, imprecise light coupling and guiding attenuations in the filled fiber can lead to 
unwanted background signals. These signals are contributed by the Raman scattering and fluorescence of the cladding 
and/or coating material of the optical fiber. Furthermore, coupling errors also cause leakage of the laser power from 
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the liquid core to the exterior layers and therefore decrease the Raman intensity of the liquid sample. Especially in a 
FERS setup that employs an HC-PCF, the alignment of the laser coupling is difficult and time-consuming, due to the small 
mode field in the hollow core of the photonic crystal fiber. The mode field diameter of the photonic crystal fiber HC-440 
is only around 4 µm, and even small coupling errors can lead to a great drop of the sensitivity. An automatic alignment 
system has been developed to achieve an easy-to-use FERS system with stable performance [YAN-5]. The working 
principle of this system is briefly summarized in chapter 4.5. 
As the Raman signal of the analyte is all confined in the fiber core and the silica Raman signal distribute mainly on the 
surrounding microstructure, the spatial filter is a useful tool for background reduction and SNR improvement. In fiber 
enhancement with HC-PCF, pinholes of various diameters can be inserted in the focal plane in order to eliminate the 
silica signal. A pinhole with a suitable size, which fits the diameter of the mode field in the fiber core, can improve the 
SNR of the Raman signal prominently [YAN-5].  
The Raman spectra of low-concentrated analytes contained a spectral background from the solvent. In order to achieve 
precise and reproducible quantification of the analyte, all acquired Raman spectra were normalized to the water Raman 
band at 1645 cm−1 or the Raman band of the buffer solution. The quantity of the solvent in each measurement could be 
assumed as constant. Thus, the Raman peak of the solvent was employed as an internal standard [86] to cancel out all 
systematic variations and fluctuations (laser intensity, optical coupling efficiency, effective fiber length, etc.), and 
therefore improve the quantitative detection ability. When calculating the signal-to-noise ratio (SNR) values, the signal 
and the noise were defined as the peak height of the Lorentzian fit and the root-mean-square (RMS) values of the 
baseline, respectively. The limit-of-detection (LoD) concentrations were derived when the SNR was equal to three. 
 
4. Results and discussion  
4.1. Fiber-enhanced UV-Raman sensing of drugs [YAN-1] 
Malaria is a serious and sometimes fatal disease widespread in the tropical and subtropical regions. The complexity of 
the malaria parasite makes the development of malaria vaccines very difficult. Currently, there is no commercially 
available malaria vaccine, and malaria control is still heavily dependent upon the use of the antimalarial drugs. Malaria 
resistance evolves even to the newest cures [87-89], and there is a continuing need for the development of new effective 
drugs. For the design of new structure-based drugs, a better understanding of the mechanism of action of the drugs on 
a molecular level is essential [18, 90]. Resonance Raman spectroscopy is a competent technique and selectively 
enhances the Raman signals of biomolecules even in complex biological environments [18]. Specific vibrational modes 
are enhanced when the electrons in the molecule are excited to a higher energy level by the laser [91-96]. 
The developed FERS setup utilizes a polymer fiber as the analyte container and the light guide [YAN-2]. In resonance 
Raman spectroscopy, reabsorption of the liquid in the fiber varies with the concentration of the analyte. Therefore, the 
fiber enhancement factor is not constant for samples in various concentrations. To remove the difference of the signal 
intensities caused by the various effective lengths, the spectrum of the solvent was taken as an internal reference. The 
normalization canceled the variation caused by the difference of the enhancement factors of the fiber and improved 
the quantitative detection ability. 
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The Raman spectra of mefloquine (MQ) aqueous solutions were measured by fiber-enhanced Raman detection and 
conventional Raman detection. An excitation wavelength of 532nm was employed to explore the fiber enhancement 
separated from UV and resonance Raman enhancement. The MQ Raman peaks at 1365 cm-1 were detected in the 1 mM 
mefloquine solution. That is the most active peak of mefloquine, referring to very strong (C=C)-stretching and ring 
breathing vibrations in the quinolone ring [93]. The Raman signal of chloroquine (CQ) at 1557 cm-1, which is referring to 
strong (C=C) and (C-C) stretching and breathing vibrations in the quinolone ring of CQ, showed a similar enhancing 
effect in fiber detection. The intensities of mefloquine’s 1365 cm-1 peak and chloroquine’s 1557 cm-1 peak in 
conventional measurements and fiber detections were contrasted with different concentrations. As a result, the fiber 
detection has a sensitivity enhancement factor of 14.2 in fiber detection compared to the conventional detection in 
bulk volume measurement (Figure 2). 
 
 
Figure 2: Comparison of conventional (A2, B2) and fiber-enhanced (A1, B1) non-resonance Raman spectra of chloroquine 
and mefloquine respectively. Reproduced from [YAN-1] with permission from the American Chemical Society. Copyright 
2013 American Chemical Society. 
 
Two deep UV excitation wavelengths, 244 nm and 257 nm, were employed to explore UV-resonance Raman 
spectroscopy in liquid core fiber. Strong, selective enhancements of the Raman bands of MQ and CQ were observed, 
which were not easy to detect in non-resonance Raman spectroscopic, with a good agreement with their peak 
assignment [92, 93]. There was a particularly strong enhancement of the molecular vibration at 1636 cm-1 of CQ for 
exc.= 244 nm excitation [YAN-1]. The Raman peaks of CQ and MQ in the 1500 cm-1 to 1650 cm-1 Raman shift region 
were strongly enhanced for the applied UV excitation wavelengths [YAN-1]. This region can be assigned to (C=C) 
stretching vibrations in the quinolone part of the drug molecules [92].  Vibrational spectroscopy of characteristic 
molecular groups will provide useful information to study how these vibrational modes are influenced in future drug-
target-interaction experiments [92]. The enhancement obtained from the fiber in UV-resonance Raman was not as good 
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as it was in non-resonance Raman sensing, as the light-absorbing solution attenuated the UV laser and shortened the 
effective length strongly. Therefore, Raman signals of high-concentrated absorbing solutions (>0.1 mM) were not 
enhanced by the fiber. The fiber-enhanced sensing shows better performance than the conventional sensing in the low 
concentration range (<0.1 mM).  
The sensitivity for mefloquine of the polymer fiber detection was 5 and 8.2 times higher compared with that of the 
conventional detection in 244 nm and 257 nm excitation respectively [YAN-1]. The lowest mefloquine concentration 
that can be detected by fiber-enhanced UV-RRS were 5 µM (244 nm) and 2.5 µM (257 nm), and the LoDs were 25 µM 
(244 nm) and 10 µM (257 nm) in conventional sensing [YAN-1]. The LoD of mefloquine in the non-resonance 
conventional detection was 0.5 mM, hundreds of times higher than what the UV-resonance fiber can detect. The lowest 
chloroquine concentrations that can be detected with the polymer fiber were 0.5 µM and 0.75 µM at 244 nm and 257 
nm respectively. The concentrations can be detected in conventional detection were 2.5 µM (244 nm) and 5 µM (257 
nm) [YAN-1]. 
The minimum absolute quantities of pharmaceuticals were calculated from the lowest detectable concentration and 
the sample volume. For mefloquine, the minimum absolute quantity was 9.5×10-11 mol at exc.= 257 nm [YAN-1]. The 
minimum quantity of chloroquine to reach the LoD at exc.= 244 nm was 1.9×10-11 mol [YAN-1].  
In order to exploit further improvements of FERS based on UV and electronic resonant excitation, fiber attenuations 
and self-absorption effects were studied. Self-absorption is the absorbing of the Raman scattered light take places at 
the analytes chloroquine and mefloquine itself. Strong optical attenuation will be caused by the high-concentrated 
absorbing analytes, and therefore the path length of the light in the fiber will be shortened. According to the equations 
8 and 9 in the previous chapter, the Raman intensity can be expressed as follows: 
𝐼𝑅 = 𝐴′ ∙ 𝐼0 ∙ 𝜎(?̃?) ∙ 𝐿𝑒𝑓𝑓 ∙ 𝑐 ( 13 ) 
The coefficient 𝐴′ describes the overall performance of the system such as the quality of the optical coupling. This 
coefficient is expected to be constant in a series of measurements. 𝐼0 is the laser intensity, 𝜎(?̃?) is the Raman scattering 
cross-section, and 𝑐 is the concentration of the analyte.  
There is also a thin layer of light-absorbing solution present under the optical window. This layer (thickness 𝐿𝑑 = 1 𝑚𝑚) 
does not contribute to the Raman signal, but will still diminish the laser and Raman scattered light in case of high 
concentrations of absorbing analytes. Therefore 𝐿𝑒𝑓𝑓  can be modified to  𝐿𝑒𝑓𝑓
′ : 
𝐿𝑒𝑓𝑓
′ = 𝑇𝑑𝑙 ∙ 𝑇𝑑𝑟 ∙ ∫ 𝑇𝑙(𝑧)
𝐿𝑝
0
∙ 𝑇𝑟(𝑧) 𝑑𝑧 = 𝑒
−(𝜀𝑙∙𝑐∙𝐿𝑑) ∙ 𝑒−(𝜀𝑟∙𝑐∙𝐿𝑑) ∙  
1 − 𝑒−(𝜇𝑠𝑙+𝜇𝑠𝑟+𝜀𝑙∙𝑐+𝜀𝑟∙𝑐)∙𝐿𝑝
𝜇𝑠𝑙 + 𝜇𝑠𝑟 + 𝜀𝑙 ∙ 𝑐 + 𝜀𝑟 ∙ 𝑐
 
( 14 ) 
where 𝐿𝑑  is the thickness of the dead volume and 𝑇𝑑𝑙  and 𝑇𝑑𝑟  are the transmissions of the laser and the Raman 
wavelengths through the layer of dead volume. Here 𝜇𝑠𝑙 and 𝜇𝑠𝑟 are the effective fiber loss coefficients at the laser and 
the Raman wavelengths respectively, while 𝜀𝑙 and 𝜀𝑟 represent the analyte extinction coefficients at the wavelengths 
of the laser and the Raman scattered radiation. Thus the effective length can be expressed as [YAN-1]: 
𝐼𝑅(?̃?, 𝑐) = 𝐀 ∙ 𝐿𝑒𝑓𝑓 ∙ 𝑐 = 𝐀 ∙ 𝑒
−(𝐁∙𝑐∙𝐿𝑑) ∙
1 − 𝑒−(𝐂+𝐁𝑐)∙𝐿𝑝
𝐂 + 𝐁𝑐
∙ 𝑐 ( 15 ) 
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𝐀 = 𝐴′ ∙ 𝐼0 ∙ 𝜎(?̃?);  𝐁 = 𝜀𝑙 + 𝜀𝑟;  𝐂 = 𝜇𝑠𝑙 + 𝜇𝑠𝑟; 
Factor A describes the overall performance of the FERS system. The intensity of the excitation laser, the quality of the 
optical coupling, and the Raman scattering cross-section of the analyte are included. Factor B represents the extinction 
coefficients. Factor C describes the loss caused by the fiber. As explained in chapter 2, light-absorbing samples (large 
factor B) shortens the effective length of the fiber and therefore decrease the sensitivity of FERS. It is necessary to find 
a balance between the attenuation due to self-absorption and the UV resonance Raman enhancement in sensing of 
ultra-low-concentrated analytes. According to the equation, liquid core optical fiber can still provide long effective 
length for ultrasensitive detection in the low concentrated absorbing analyte, as factor B appears together with the 
concentration of the analyte. The development of the optical fiber can result in a smaller factor C, leading to an even 
longer effective length of the liquid core fiber. Unfortunately, the guiding ability of the polymer fiber is relatively poor, 
regarding strong attenuation due to the rough inner surface. Thorough simulation of the sensitivities with various 
improved parameters has been demonstrated in the published work [YAN-1]. 
In this work, the UV-resonance Raman measurement was at the first time enhanced by the liquid core fiber, and the 
detectability was improved in comparison to the conventional UV-resonance Raman spectroscopy. The calculations 
based on the effective length also reveal the potential of fiber-enhanced Raman spectroscopy in further developments 
as an ultrasensitive chemical sensing technique for a wide range of biomolecules. 
 
4.2. UV-FERS monitoring of bile pigments [YAN-2] 
Heme chromophores are iron protoporphyrin IX complexes and fulfill essential roles in several regulating processes in 
biological systems [98]. The heme group is converted to biliverdin (BV) and bilirubin (BR) in enzyme-catalyzed reactions 
and subsequently eliminated via bile after biotransformation (conjugation) in the liver [98]. Hyperbilirubinemia is a 
condition in which bilirubin concentration is above the normal range. It causes a yellowing of the patient’s skin, sclera, 
and other tissues [99]. The toxicity of bilirubin is especially critical in neonatal hyperbilirubinemia due to incomplete 
formation of the blood-brain barrier [100]. The increased unconjugated bilirubin in the circulating system may enter the 
central nervous system and thereby leads to irreversible neurological damage such as athetoid cerebral palsy, hearing 
loss, vision problems, or mental retardation [101]. Normal biliverdin concentrations in serum are reported as 0.9 ~ 6.5 
µM and correlate with bilirubin concentration strongly [102]. Thus, a detection technique that quantifies small changes 
in bilirubin and biliverdin concentrations simultaneously would be greatly helpful for the diagnosis. Fiber-enhanced 
Raman spectroscopy (FERS) has great potential as a tool for sensitive and selective analysis of the biomolecules. FERS 
can also be minimally invasive in clinical applications, as it requires only minimal sample volumes for quantification. In 
the published work, fiber-enhanced Raman spectra of hematin, hemoglobin, and whole erythrocytes were 
demonstrated and compared to the conventional Raman spectroscopy [YAN-2].  
To benchmark the effect of fiber-enhanced Raman separately, the excitation wavelength  = 532 nm was applied to 
avoid electronic transitions of the molecules. The characteristic Raman peak of hematin at 1626 cm-1, which is assigned 
to the vibrational mode ν10 [103, 104], was detected with identical experimental parameters in a series of concentrations 
in fiber-enhanced Raman sensing and conventional cuvette measurements. The intensities of the Raman peaks and the 
root-mean-square values were analyzed for quantification of the limit-of-detection (LoD, 3x root-mean-square noise). 
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The LoDs of hematin were determined as 36 µM and 3.6 µM for conventional and fiber enhanced Raman sensing 
respectively [YAN-2]. 
The excitation wavelength  = 413 nm was applied to exploit fiber-enhanced resonance Raman sensing of hematin, as 
it matches the strong electronic absorption band. The Raman peak at 1373 cm-1, which can be assigned to the totally 
symmetric mode ν4 [104-106], was intensely enhanced by the resonance Raman effect. As a result, a significantly 
improved LoD of only 0.1 µM was achieved with fiber-enhanced resonance Raman spectroscopy [YAN-2]. The spectra 
of hematin showed an excellent linearity between the Raman peak and the analyte concentration. Therefore, 
quantification of the analyte can be achieved with simple linear calibration, and the linear fit can be utilized to quantify 
the actual hematin concentration. 
Hemoglobin was analyzed with the same experimental setup. The hemoglobin band at 1373 cm-1, which was assigned 
to mode ν4 of the heme group [107], was also significantly enhanced in FERS [YAN-2]. This Raman peak is also an 
important marker band for monitoring the oxygenation and deoxygenation of hemoglobin in red blood cells [107, 108], 
which provides additional information of the blood sample and supports a differential diagnosis. The LoDs of 
hemoglobin were improved from 10.7 µM for non-resonance Raman measurements with  = 532 nm excitation down 
to 0.25 µM in fiber-enhanced resonance Raman sensing. Furthermore, an excellent linearity was achieved for 
quantification of hemoglobin [YAN-2].  
To explore the potential of FERS for investigating complex biological samples, fiber enhanced Raman spectra of 
oxygenated intact erythrocytes were also acquired and analyzed. The strongest Raman peak at 1376 cm-1 in the 
resonance Raman spectra of the erythrocytes ( = 413 nm) corresponds to the vibrational mode ν4 in hemoglobin (Figure 
3). Fiber-enhanced resonance Raman spectroscopy showed the promising capability of avoiding photodegradation with 
delicate intact erythrocytes [YAN-2]. This brings FERS great potential for medical diagnosis of diseases, for example, 
different types of anemia and hemolytic disorders. 
 
 
Figure 3: Fiber-enhanced Raman spectra of whole erythrocytes. Reproduced from [YAN-2] with permission from the 
Royal Society of Chemistry. Copyright 2016 Royal Society of Chemistry. Intact red blood cells (1:199 diluted in 1x PBS) 
were gently guided through the hollow fiber and Raman spectra were taken with exc. = 413 nm (A) and exc. = 532 nm 
(B).  
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According to the experimental results, biliverdin and bilirubin have extremely strong fluorescence with visible excitation 
lasers [YAN-2]. Therefore, Raman sensing of biliverdin and bilirubin is very challenging. The fluorescence signal was 
found to be weak with 364 nm excitation wavelength. The Raman spectra were enhanced, and sub-µM detection for 
biliverdin and bilirubin were achieved with good linearity [YAN-2]. A two-component solution, consisting of 1 µM 
biliverdin and 50 µM bilirubin was analyzed [YAN-2] as a simulation to the typical concentration of patients presenting 
hyperbilirubinemia [109]. Similarly, a two-component solution of 25 µM bilirubin and 75 µM biliverdin was utilized as a 
simulation to the typical concentration of patients with hyperbiliverdinemia [YAN-2]. The Raman spectra of biliverdin 
and bilirubin are very similar due to the similarity in their molecular structure. Bilirubin shows a Raman peak at 1272 
cm-1, which can be assigned to a combination of CC- stretching vibration in one pyrrole unit as well as CH-, CH3-, and 
OH- wagging and scissoring vibrations (Figure 4A) [YAN-2]. The Raman band of biliverdin at 1282 cm-1 can be assigned 
to a combined vibration consists of strong CC-, and CN-stretching vibrations in several pyrrole units as well as CH-, CH2-, 
and OH- wagging and scissoring vibrations (Figure 4B) [YAN-2]. By employing a least-square deconvolution method of 
the Raman spectrum, the peak heights of the 1272 cm-1 and 1282 cm-1 bands were computed to 0.96 ± 0.20 µM for 
biliverdin and 56 ± 8.0 µM for bilirubin [YAN-2]. For the mixture solution of 25 µM bilirubin and 75 µM biliverdin 
(hyperbiliverdinemia), also  exc. = 752 nm (non-resonance FERS) can be applied to analyze a two-component solution 
[YAN-2]. The Raman peaks at 1253 cm-1 (bilirubin) and 1243 cm-1 (biliverdin) were identified as suitable marker bands 
to distinguish both bile pigments simultaneously. The molecular vibration of bilirubin at 1253 cm-1 is assigned to C-H-, 
N-H- and O-H bending vibrations (Figure 4C) [YAN-2]. The Raman band of biliverdin at 1243 cm-1 also comes from C-H, 
N-H, and O-H- bending vibrations (Figure 4D) [YAN-2]. The concentrations were calculated to be 24.1 ± 1.8 µM for 
bilirubin and 77.2 ± 5.0 µM for biliverdin respectively [YAN-2].  
 
Figure 4: Vibrational modes of biliverdin (BV) and bilirubin (BR) that were used for quantification. Reproduced from [YAN-
2] with permission from the Royal Society of Chemistry. Copyright 2016 Royal Society of Chemistry. 
 
4.3. FERS of antibiotics in HC-PCF [YAN-3] 
Early administration of appropriate antibiotic therapy is the cornerstone of the sepsis treatment [110]. In clinical studies, 
plasma levels of antibiotics show large interindividual variations in patients with severe sepsis and septic shock due to 
the changes in various pharmacokinetic parameters [111]. The pharmacokinetic parameters can change quickly within 
hours and result in increased treatment failure or drug toxicity [112]. The approved doses recommendations are found 
to be incorrect for some critically ill patients with severe infections, as they are derived from the studies in healthy 
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volunteers or patients with moderate infections [113]. For some anti-infectives, for example, vancomycin, 
aminoglycosides, and voriconazole, dose adjustment based on therapeutic drug monitoring have already successfully 
improved the outcome of the treatment [113-115]. The current method for the quantification of antibiotics is based on 
high-performance liquid chromatography (HPLC) [116-118]. However, chromatography-based methods are time-
consuming and labor-intensive as they require complex sample treatment procedures. Therefore, fast-response or 
point-of-care diagnostics of antibiotics level are not yet available in the clinic. Thus, an easy-to-use, fast, and highly 
selective detection technique is needed for individualized quantification of antibiotics concentrations.  
As mentioned in the previous chapter, microstructured optical fibers are superior regarding optical quality. Hollow core 
photonic crystal fibers (HC-PCF) [52, 119-122] have drawn much attention in various research fields, including FERS. In 
hollow core photonic crystal fibers, the laser excitation wavelengths must be matched to the bandgap wavelength of 
the liquid filled fiber. The bandgap can be shifted to lower wavelengths by filling the microstructure completely with 
liquid media [53, 55]. In this work, we demonstrate the improved FERS based on HC-PCFs which support visible laser 
excitation for the first time [YAN-3]. According to the calculation (equation 12), an HC-PCF with an original bandgap at 
1060 nm was employed. However, the equation can only predict the center of the transmission band [YAN-3]. The 
precise position of the starting and the end of the transmission band can only be determined experimentally. The center 
of the shifted transmission spectrum of the water-filled fiber is predicted at 593 nm according to the equation. The 
experimental results (Figure 5) show that the transmission band ranges from 510 nm to 680 nm, which has a good 
agreement to the prediction [YAN-3]. Thus, a laser excitation wavelength of  = 532nm was employed, and the liquid 
core optical fiber provides excellent transmission for a Raman spectral range of up to 4000 cm-1. 
 
Figure 5: The bandgap of HC-PCF shifts to short wavelength with non-selectively filling. The sensor fiber provides a low 
loss optical guidance for an excitation with the laser wavelength of λ= 532 nm and a Raman spectrum up to 4000 cm-1 
(corresponds to 676 nm). Reproduced from [YAN-3] with permission from the Royal Society of Chemistry. Copyright 2018 
Royal Society of Chemistry. 
 
The enhancement factor of FERS relies strongly on high-quality laser confinement in the liquid core [YAN-3]. In HC-PCF, 
the size of the central hollow core is small (<10 µm), and the laser confinement is easily affected by the mismatch of the 
focus and the fiber core [YAN-3].  
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An automatic fiber coupling has been developed, which is proved to be very useful in FERS with HC-PCF [YAN-3, YAN-5]. 
In order to demonstrate the influence of the coupling error, the system was set to coupling positions with offsets [YAN-
3]. The results show that the Raman performance drops by 10% with a small error in the lateral coupling position of only 
± 1.5 µm (Figure 6). Offsets in optical coupling also raise the background Raman bands of the silica fiber material and 
therefore cause an increased noise level. In order to keep a good performance (>90%) and reasonable low background, 
the precision requirement of the lateral position is ± 1.5 µm. In the laboratory, stable performance of optical coupling 
is easily achieved. This requirement should also be considered in the design of a portable miniaturized setup for clinical 
application.  
 
 
Figure 6: Analysis of the coupling position of the sensor fiber. Reproduced from [YAN-3] with permission from the Royal 
Society of Chemistry. Copyright 2018 Royal Society of Chemistry. A:  The height of the Raman peak of ethanol at 880 cm-
1 was measured with lateral offsets relative to the optimized coupling position. The analysis shows that the Raman 
signals maintains 90% peak intensity within a ±1.5 µm of lateral offset and strongly decreases for higher lateral 
misalignments. B: The background Raman signal of the fiber silica material (normalized Raman peak intensity at 
490 cm-1) increases for a misalignment of the lateral coupling position and thus causes a rise of the noise level.  
 
According to the research, the levofloxacin concentration in plasma reaches 27 µM after the administration (500mg, 
intravenous) [123]. The strongest characteristic Raman peak of levofloxacin at 1619 cm-1 (Figure 7) was employed to 
quantify the concentration [YAN-3]. This Raman band can be assigned to strong combined C=C stretching vibrations of 
the aromatic ring structure [YAN-3]. The Raman peak at 1398 cm-1, which is assigned to the C-C breathing vibration of 
the quinolone ring system, was also employed as a supplementary for identification of levofloxacin [YAN-3]. 
 
 
Figure 7: Assignment of the vibrational modes of levofloxacin that were used as Raman marker bands for quantification. 
Reproduced from [YAN-3] with permission from the Royal Society of Chemistry. Copyright 2018 Royal Society of 
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Chemistry. The atomic displacements of the associated vibrational modes are given for the Raman peaks at 1398 cm-1 
(A) and 1619 cm-1 (B).  
 
Aqueous solutions of levofloxacin were measured with FERS in various concentrations. The sensitivity was improved 
strongly by the HC-PCF, and the LoD (limit-of-detection) of levofloxacin was found to be 20 µM [YAN-3]. The 
characteristic peaks in the levofloxacin FERS measurements show much higher SNR than that of the conventional 
cuvette measurements (Figure 8A). The excellent linearity of the peak heights to the analyte concentrations enabled 
robust calibration function for the quantification of levofloxacin (Figure 8B). The results show that fiber-enhanced 
Raman spectroscopy has great potential for ultrasensitive monitoring of levofloxacin levels rapidly, minimally invasive, 
and individually for every intensive care patient, without cross-sensitivity to other antibiotics. 
 
 
Figure 8: Comparison of conventional and fiber-enhanced Raman measurements of levofloxacin. Reproduced from [YAN-
3] with permission from the Royal Society of Chemistry. Copyright 2018 Royal Society of Chemistry. A: The peaks in the 
fiber-enhanced Raman spectrum (red) show higher intensities compared to the conventional spectrum (black) of a 
solution of levofloxacin with the concentration of 0.5 mM. B: The Raman peak intensities of levofloxacin show excellent 
linearity to the analyte concentration. 
 
4.4. FERS of biogenic gases in HC-PCF [YAN-4] 
Fiber-enhanced Raman spectroscopic (FERS) analysis of gases allows quantification of multiple gases with just one single 
measurement [YAN-4]. Raman gas sensing has the unique ability for simultaneous identification of all gases and volatiles 
(except noble gases) in a broad range of concentrations [124-127]. Hollow-core photonic crystal fibers (HC-PCF) can 
guide the light with low attenuation within a spectral bandgap and achieve sensitive gas analysis [128, 129]. The Raman 
enhancement of gaseous samples can be obtained with a similar FERS setup as described in chapter 3.3. Furthermore, 
as gases are compressible, the tight fiber filling setup also allows us to compress the gas to high pressure, and therefore 
a larger number of molecules are in the fiber core, leading to a stronger Raman signal. Raman intensities of gas samples 
are proportional to the pressure.  
Mixtures of the climate-relevant gases CH4, CO2, N2O, N2, and O2 important biogenic gases were analyzed in order to 
demonstrate the performance of the new FERS-setup [YAN-4]. FERS measurement of the gas mixtures with defined 
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concentrations show high specificity and sensitivity, and all five gases showed enhanced Raman peaks separated from 
each other [YAN-4]. By measuring individual gas samples with known concentrations at a defined pressure, temperature, 
laser power, and fiber length, a calibration of the setup was performed for reliable and reproducible fiber-enhanced 
Raman gas sensing [YAN-4]. 
As a demonstration of the capabilities of FERS for gas sensing, the gas sample consists of natural N2 and CO2 including 
all their natural isotopes was measured. The low-concentrated components 14N15N and 13CO2 can be quantified 
simultaneously within one single measurement the high-concentrated N2 and CO2 and the dynamic range covers four 
orders of magnitude. The isotope 13C16O2 and 14N15N were quantified to (1.08 ± 0.03) % and (0.80 ± 0.05) % respectively 
[YAN-4], which were very close to the reference values of 1.09% and 0.737% [130].  
 
4.5. Analysis of FERS in HC-PCF based on Raman imaging [YAN-5] 
In this study, a novel Raman imaging setup was developed, and the performance of FERS gas sensing was analyzed with 
the Raman imaging setup [YAN-5]. Utilizing chemical imaging, the spatial distribution of the fiber-enhanced Raman 
signals and silica signals at the fiber end-face can be evaluated [YAN-5].  
Multi-channel Raman imaging system can obtain Raman spectra with a bundle of fibers simultaneously without moving 
any part [131-133]. The fiber array collected the Raman scattering in the image plane; therefore the acquired Raman 
spectra were spatially resolved by the channels [YAN-5]. The optical fibers at the distal end were linearly aligned at the 
spectrometer. Therefore, the spectral information obtained from the channels were arranged along the vertical axis of 
the CCD detector. By dividing the CCD readout into multiple ROIs (region-of-interest), Raman intensities in cooperation 
with spatial distributions at the image plane can be reconstructed. 
The region-of-interest (ROI) on the CCD (Figure 9, inset) for each fiber was recognized by plotting the total counts of 
each horizontal CCD lines (Figure 9, black), where the peaks were signal from the fibers and the valleys were the space 
in between two optical fibers. As the optical attenuation of the fibers in the bundle were different from each other. In 
order to obtain reliable and quantitative spatial distribution of the Raman signals, a calibration of the system was 
performed with a measurement of the homogenous light source and the variation of the attenuation can be corrected 
(Figure 9, red dash line). The full width of each ROI was set to 11 lines to obtain sufficient Raman signal and minimized 
cross-talk (0.4%) [YAN-5]. The calibrated system recreated the image of the homogenous light source with excellent 
flatness of ±1.3% peak-to-peak [YAN-5]. 
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Figure 9: Calibration of the Raman imaging system. Reproduced from [YAN-5] with permission from the American 
Chemical Society. Copyright 2017 American Chemical Society. The region-of-interest of each Raman spectrum was 
recognized and uses the peak positions as the centers of the ROIs. The plot of the total counts of each horizontal CCD 
lines shows a multi-peak pattern (black solid-line, only the first 7 peaks are displayed in this figure). The Raman signal in 
all ROIs is normalized to the same intensity in order to obtain data points with correct intensity distribution (red dash-
line). The CCD counts in the valleys are 9.3% of the counts at the peaks in average (blue dash-line), indicating very little 
cross-talk from one fiber to another. Inset: the CCD image records Raman spectra of all fibers in a single frame with 
vertical offsets. 
 
The Raman images were acquired and studied for fiber-enhanced gas Raman signals and unwanted background signals 
in HC-PCF [YAN-5]. According to the results, the spatial distribution of the fused silica background at 1061 cm-1 was 
mainly at the first ring of the surrounding cladding microstructure (Figure 10), while the Raman signal of the target gas 
mainly located in the center of the fiber core (Figure 10). The effect of the spatial filtering can be simulated with the 
Raman image of the HC-532 fiber. As a result, the separation of the silica signal and the gas signal reached a maximum 
with a 3.9 µm pinhole diameter [YAN-5]. 
 
 
Figure 10: Raman images of photonic crystal fiber. Reproduced from [YAN-5] with permission from the American 
Chemical Society. Copyright 2017 American Chemical Society. The Raman scattering of oxygen (1555 cm-1 peak) 
originates mainly from the central hollow core of the HC-PCF. The signal of the fused silica appears strong at the first 
ring of the surrounding microstructure. The baseline noise shows similar distribution as the silica signal, which is the 
main source of the baseline noise. 
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The mode field diameter of the photonic crystal fiber is very small. Therefore, even very small offsets from the best 
coupling can cause a strong drop in the coupling efficiency, and thus increase the background. This effect has been 
demonstrated with liquid-filled HC-PCF in chapter 4.3 [YAN-3]. With an offset of 1 µm away from the optimal position, 
the gas Raman signal decreased tremendously and the unwanted background from the surrounding microstructure 
increased by one order of magnitude [YAN-5]. Therefore, a very precise alignment of the laser coupling is of key 
importance in fiber-enhanced Raman gas sensing. To achieve an easy-to-use gas monitoring system, an automated laser 
coupling system was achieved. With this coupling system, it was ensured that the gas sensing setup worked with optimal 
laser coupling. The automated system also simplified the procedure of aligning the photonic crystal fiber in the FERS 
setup. 
 
4.6. FERS in selectively filled HC-PCF [YAN-6] 
In this work, step-index light guidance in water-filled photonic crystal fibers across the whole visible and NIR spectral 
range was for the first time demonstrated. This waveguiding effect leads to strong fiber enhancement of Raman signal 
of antibiotics in the aqueous environment. 
The liquid-of-interest can be filled selectively into the central hollow core of the HC-PCF. The refractive index of the 
aqueous-solution-filled fiber core (n = 1.33) can be higher than the effective refractive index of the cladding structure, 
as the effective refractive index is between that of air (nair = 1.00) and the glass material (nfused silica = 1.46), depending on 
the wavelength, the pitch size, and the air-filling fraction of the microstructure. In other words, the microstructured air-
clad region can be utilized as a low refractive index cladding. The low effective refractive index of the cladding leads to 
the high numerical aperture of the filled HC-PCF and high performance of the light confinement in the liquid core. 
However, if the effective refractive index of the air-clad is close to or even higher than that of water, the HC-PCF is not 
suitable for Raman enhancement of aqueous solutions [YAN-6]. 
The effective refractive index can be predicted according to the wavelength (λ) the air-filling ratio (R), and the fiber pitch 
size (Λ) [70]. The effective refractive indices for all types of commercially available HC-PCFs were calculated and plotted 
together for comparison [YAN-6]. The plotted refractive indices of different types of HC-PCF (Figure 11) shows that only 
one fiber (Figure 11, black line) provides low enough refractive indices across the whole visible-NIR spectral range.  
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Figure 11: Effective refractive indices for various possible pitch size (Λ) and air-filling ratio (R), of HC-PCFs. The effective 
refractive index needs to be lower than that of water to provide step-index guidance. Reproduced from [YAN-6] with 
permission from the American Chemical Society. Copyright 2017 American Chemical Society. 
 
In order to only fill the hollow core of the fiber with the liquid sample, it is necessary to preprocess the fiber ends and 
seal the air holes in the cladding region. In the conventional one-step method which was firstly reported in [71], a long 
bottleneck (200 µm [71] or even 1 mm [80] depends on the type of the fiber) is inevitable, as the heat always influences 
a large part of the fiber. The bottleneck region causes power loss and additional background, as total internal reflection 
is not happening at the bottleneck [80]. In this work, we demonstrate a novel two-step process for the fiber ends, in 
order to achieve excellent optical coupling and guidance [YAN-6]. The long bottleneck was avoided in this novel two-
step process, and therefore optical guidance and coupling of the fiber ends were improved. The process steps were as 
follows [YAN-6]: 
Step 1: A piece of HC-PCF is fixed on the fiber splicer and then heat is applied. The fine-structured air cladding in the 
fiber melted and collapsed under the influence of the heat. The heating parameters were adjusted to collapse only the 
air cladding and keep the central hole still open.  
Step 2: The fiber is precisely cleaved as close as possible to the edge of the fused region with a customized cleaving 
setup, consisting of a microscope and an adjustable diamond blade. With precise adjustment of the blade position, flat 
fiber ends were obtained, and a minimized length of the bottleneck of typically only 20 µm was achieved (Figure 12) 
[YAN-6]. 
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Figure 12: Microscopic image of the selectively sealed HC-PCF. Flat fiber ends were achieved with a minimized length of 
the bottleneck (20 µm). Reproduced from [YAN-6] with permission from the American Chemical Society. Copyright 2017 
American Chemical Society. 
 
According to the transmission spectra, an empty (air-filled) and a selectively filled fiber have different guidance 
mechanisms (Figure 13). The empty hollow fiber shows typical bandgap guidance in a narrow spectral region from 400 
nm to 520 nm. However, the sensor fiber with selectively water-filled central hollow core displayed a tremendously 
improved broadband transmission spectrum from 400 nm up to the NIR range [YAN-6]. The transmission of the fiber 
was predicted based on the acceptance angle (dashed line in Figure 13). The water absorption bands appear at 0.98 µm 
and 1.2 µm [134], which were enhanced by the extended path length. 
 
 
Figure 13: The empty HC-PCF shows narrow bandgap guidance. By contrast, the HC-PCF with selectively water-filled 
central hollow core provides a broadband transmission spectrum from 400 nm up to the NIR range. Reproduced from 
[YAN-6] with permission from the American Chemical Society. Copyright 2017 American Chemical Society. 
 
Moxifloxacin, which is a fourth-generation fluoroquinolone antibacterial agent, was employed as the target analyte in 
the published work [YAN-6]. The moxifloxacin level has been reported to be 8 µM in plasma [135] after a single 400 mg 
oral administration. The elimination of moxifloxacin is mainly by renal excretion, and approximately 45% of moxifloxacin 
is excreted in urine unchanged. The moxifloxacin level in urine can reach a peak value of 161 µM after standard oral 
dose [136]. Broadband visible light guidance in aqueous solution was achieved in the liquid-filled HC-PCF for the first 
time [YAN-6]. Strong Raman enhancements were achieved with three laser excitation wavelengths at 532 nm, 676 nm, 
and 752 nm, showing prominent broadband capability as a sensor fiber. The intense characteristic Raman bands of 
moxifloxacin were detected at 1620 cm-1 and 1373 cm-1, which are the νC=C-stretching vibration of the aromatic ring 
and the stretching vibration of the quinolone ring system of moxifloxacin [YAN-6], respectively (Figure 14). The 1620 
cm-1 band was chosen for the concentration study. As a result, the limit-of-detection (LoD) of moxifloxacin was improved 
down to 1.7 µM (SNR=3). For the same concentration (20 µM), multiple characteristic Raman peaks were detected 
clearly in FERS (Figure 14, red), but not distinguishable in conventional Raman sensing with the same parameters (Figure 
14, black). Therefore, FERS is capable of providing sufficient sensitivity in the clinically relevant measurements. 
Furthermore, only a volume of 4 nL liquid sample was needed in the sensor fiber, reduces the demand for sample 
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volume tremendously [YAN-6]. Therefore, FERS has great potential as a diagnostic tool for rapid investigation of the 
antibiotic status of critically ill patients, which allowing quick adjustment of the dose for the maximized effectiveness of 
antibiotics administration.  
 
 
Figure 14: Fiber-enhanced Raman spectroscopy of antibiotics. Reproduced from [YAN-6] with permission from the 
American Chemical Society. Copyright 2017 American Chemical Society. A: Comparison of the fiber-enhanced Raman 
spectrum (red) with the conventional Raman spectrum (black) of 20 µM moxifloxacin with exc. = 532 nm. The signal-to-
noise ratios (SNR) of the Raman peak at 1620 cm-1 (C=C-stretching vibration of the aromatic ring) was enhanced by one 
order of magnitude. The spectra in the graph are slightly vertically shifted for the sake of clarity. B: Raman intensity 
dependency from the drug concentration (fiber-enhanced Raman spectrum (red), conventional (black)). A very good 
linearity and thus a robust calibration can be achieved. The inset shows the chemical structure of moxifloxacin.  
 
5. Summary and outlook 
This dissertation has presented the development of Raman sensors for biomolecules based on fiber-enhanced Raman 
spectroscopy (FERS). FERS was achieved by employing liquid-core optical fibers, which guided the light in the liquid 
media and cause strong light-matter interaction. In the first part of this thesis, the FERS technique was explained in 
detail, and the current state of research was introduced. Regarding the characteristics, such as fiber length, attenuation, 
and refractive index, liquid-core fibers such as polymer fibers and hollow-core photonic-crystal fibers (HC-PCFs) were 
thoroughly evaluated and discussed.  
We demonstrated a combination of UV-resonance Raman spectroscopy (UV-RRS) and FERS, which increased the 
sensitivity for low-concentrated pharmaceuticals tremendously [YAN-1, YAN-2]. A complete model of fiber-enhanced 
Raman spectroscopy in liquid core fibers was established, and the enhancements of the Raman intensity with both non-
absorbing and absorbing samples were thoroughly discussed [YAN-1]. This combined enhancement technique was also 
applied to detect bile pigments, which are target analytes in the diagnoses of the diseases associated with 
hyperbilirubinemia and hyperbiliverdinemia [YAN-2].  
In order to overcome the performance issue caused by the poor optical quality of the polymer-based liquid-core fibers, 
we explored the implementation of HC-PCFs [YAN-3]. FERS in HC-PCF with shifted bandgap effect in the visible range 
was achieved for the first time [YAN-3]. Thus, the Raman scattering wavelengths are not anymore limited to the 
insensitive NIR range, and the Raman sensitivity of antibiotics was remarkably improved [YAN-3]. FERS was also applied 
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to gas sensing [YAN-4]. Breath analysis is fast and allows the rapid diagnosis and continuous point-of-care observation 
of intensive care patients. With fiber-enhanced Raman gas sensing, a sensitive and reliable quantification of CH4, CO2, 
N2, O2 and their isotopic forms were achieved with just one single measurement [YAN-4].  
We used a multi-channel Raman imaging setup to study the light confinement of the sensor fiber and the spatial 
distribution of the Raman signals in the fiber core [YAN-5]. The effects of the fiber type, fiber length, and the size of the 
spatial filter for gas-FERS were thoroughly analyzed and discussed [YAN-5]. The results showed that even small offsets 
in the coupling position could decrease the sensitivity of the system for more than one order of magnitude [YAN-5].  
The narrow bandgap in non-selectively filled HC-PCFs limits the selection of the excitation wavelengths and Raman 
spectral range [YAN-6]. The liquid-of-interest was filled selectively into the central hollow core of the HC-PCF, and step-
index guidance in the liquid-core was achieved in HC-PCFs, which allowed Raman sensing in a broad spectral range with 
various excitation wavelengths [YAN-6]. The step-index guiding in the selectively filled HC-PCF was demonstrated and 
compared with the original bandgap effect. According to the results, selectively filled HC-PCFs have a broad transmission, 
covering the entire visible-NIR range [YAN-6].  
The results of this work showed that FERS can be used as a robust, easy-to-use, chemical selective and sensitive tool for 
detection of biomolecules and biogenic gases in various applications.  
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